Freezing tolerance of winter wheat (Triticum aestivum L.) is one of the main factors governing winter survival. To avoid winterkill it is very important to choose freezing tolerant wheat genotypes. Experiments were carried out to evaluate freezing tolerance of winter wheat varieties and breeding lines under field and controlled conditions with cold acclimation and with no cold acclimation stage. Field experiments were done for two years during the winters of 2010-2011 and 2011-2012. The evaluation of winter hardiness was conducted in April of 2011 and 2012 by visual scoring on a 1-9 score basis (score 1 -all plants were killed, score 9 -all plants survived). Wheat genotypes under investigation experienced very different climatic conditions in the field during the two winters. Consequently, no correlation between winter hardiness scores of 2010-2011 and 2011-2012 winters was observed. Winter hardiness scores ranged from 1.0 (WW-8) to 7.6 ('Zentos') after 2010-2011 winter, whereas winter hardiness scores varied from 5.8 (WW-31) to 7.8 ('Kovas DS') after 2011-2012 winter. Freezing tolerance of winter wheat genotypes was also assessed in the controlled conditions by measuring chlorophyll fluorescence parameter Fv/Fm in leaves and percentage survival of plants after the freezing test. High correlation (r = 0.88, p < 0.01) between freezing test survival of non-acclimated wheat and Fv/Fm ratio showed that this method can speed up the selection for freezing tolerance by evaluating wheat genotypes immediately after the test. Results of our study showed low negative, but significant relationship (r = −0.41, p < 0.05) between 2010-2011 winter hardiness scores in the field and freezing test survival of non-acclimated plants in the laboratory experiment. Wheat genotypes that quickly lose winter hardiness have higher freezing tolerance without hardening stage. Our results support the hypothesis of two separate genetic systems of freezing tolerance in winter wheat which are determined by duration and rate of gene expression during cold acclimation.
Introduction
Wheat is one of the major crops in Lithuania and world-wide. Winter wheat is sown in the autumn and harvested the following summer. This allows the autumnseeded wheat to take advantage of autumn rainfall and thereby yield significantly more than comparable springseeded crops. The capability of autumn-seeded varieties to survive winter is often referred to as winter hardiness. Winter hardiness is one of the main limiting factors for winter wheat growing under Lithuanian conditions (Ruzgas, Liutkevičius, 2001) . Winter hardiness is a complex trait involving tolerance to freezing, desiccation, anoxia, ice-encasement, resistance to diseases, etc. However, tolerance to low freezing temperatures (frost tolerance) has been considered as the primary limiting factor in most regions (Fowler, Limin, 1997) . Freezing tolerance can be defined as the ability of plants to survive freezing temperatures, prevent damage to the vegetative tissues and minimize other negative effects of freezing temperatures on future yield potential (Reinheimer et al., 2004) . In winter cereals, frost tolerance is associated with the occurrence of cold-hardening or cold acclimation, which is triggered by induction of battery of Cor (cold responsive) genes after exposure of plants to low but non-freezing temperature for certain periods of time (Winfield et al., 2010) .
Low-temperature (LT) tolerance is a complex quantitative character that is expressed in anticipation of and during exposure of plants to temperatures that approach freezing. This environmentally induced character is determined by a highly integrated system of structural and developmental genes that are regulated by environmentally responsive, complex pathways . According to the developmental theory of LT gene regulation (Fowler et al., 1999) , duration and rate of gene expression determine the degree of LT tolerance. The developmental genes (vernalization, photoperiod, etc.) act as the switches controlling the duration of expression of LT-induced structural genes while the rate of LT acclimation is determined by genotype dependent expression levels of these genes (Fowler, Limin, 2004; . In this system, full expression of cold hardiness genes only occurs in the vegetative stage and plants in the reproductive phase have a limited ability to cold acclimate. Plants that are still in the vegetative stage also have the ability to re-acclimate following periods of exposure to warm temperatures while plants in the reproductive phase have only a limited ability to reacclimate (Fowler et al., 1999; .
The two major loci that control LT tolerance in Triticeae are the frost resistance Fr-1 and Fr-2 (Vágújfalvi et al., 2000) . The Fr-1 locus is tightly linked to the vernalization locus Vrn1. Allelic variations in the Vrn1 locus are the main determinants of the winter and spring habit in wheat and barley (Fu et al., 2005) . The Vrn1 and Fr-1 loci have not been genetically uncoupled, and are hypothesized to be the same locus. The pleiotropic effects of the Vrn1 locus can explain most of the associated LT tolerance and winter habit (Båga et al., 2007; Dhillon et al., 2010) . Low temperatures during winter slow shoot apex development and induce expression of Vrn1. Activation of Vrn1 causes the decrease in frost tolerance that begins when plants are fully vernalized . Vrn-A1 region is convergence point for pathway that determines the vegetative/reproductive transition thereby giving it a direct influence on the duration of expression of the rate determining LT tolerance genes Laudencia-Chingcuanco et al., 2011) . The Fr-2 locus containing a cluster of C-repeat binding transcription factors is approximately 30 centimorgans proximal to Vrn-1 (Galiba et al., 1995) . The Fr-2 locus is known to be involved in the regulation of cold induced genes in several plant species including members of the Triticeae tribe Knox et al., 2008) . Transcripts encoding Cbf-like proteins have been shown to accumulate rapidly in response to LT in 'Puma' rye and 'Norstar' wheat (Jaglo et al., 2001) . Two-tandem clusters of eleven Cbf genes map to the Fr-H2 quantitative trait locus (QTL) in barley and Rcg1 (regulator for Cor 14b) maps to the Fr-A2 QTL in wheat indicating that Cbf-like genes are primary candidates for the Fr-2 frost tolerance genes (Vágújfalvi et al., 2005) . As transcriptional activators for LT tolerance associated genes, the Cbf-like genes are also prime candidates for the rate genes .
Frost test can be carried out in the field, growth chamber or combined in the field-laboratory method. Evaluation of frost tolerant cereal genotypes under field conditions is very complicated, as winter hardiness is a complex trait. The field-laboratory method requires considerable space in freezing chambers and depends on many factors including freezing-thawing cycles, snow and ice cover, rainfall, physiological drought that may affect sample under field conditions before being transferred to controlled conditions (Fowler, Gusta, 1979) and gives distinct and even opposite results of freezing tolerant genotypes each year (Rapacz et al., 2008) . Frost tests in a controlled environment are more reproducible and many freezing temperatures can be applied in experiments run in growth chamber in order to differentiate the cereal genotypes on the basis of frost resistance . However, the assessment of frost resistance under controlled conditions is not related directly to factors limiting plant survival in the field-laboratory method (Rapacz et al., 2008) . There are many methods to evaluate frost test and identify frost tolerant/susceptible plant genotypes. These include the determination of plant survival, the study of photosynthetic system integrity by chlorophyll fluorescence analysis and the estimation of cell membrane damage by electrolyte leakage (conductance) measurements (Reynolds et al., 2001) . One of these methods is determination of the maximum quantum yield of the photosystem II (PSII) photochemistry by the ratio of variable to maximal fluorescence in dark-adapted state (Fv/Fm). Fv/Fm analysis is proposed as a rapid method for evaluating frost tolerance in cereals like oat (Rizza et al., 2001) , wheat (Rapacz, Wozniczka, 2009 ) and barley (Rapacz et al., 2008) . However, it remains unclear whether this screening method is applicable to local winter wheat breeding programs with highly variable overwintering conditions during the last decade. The objective of this study was to evaluate freezing tolerance of various winter wheat genotypes under field and controlled conditions with cold acclimation and without cold acclimation stage. Fv/Fm parameter was measured under controlled conditions after freezing test in order to assess the ability of chlorophyll fluorescence-based method to screen for frost tolerance in winter wheat genotypes. Nitrogen N 90 kg ha -1 was applied after resumption of vegetation. Weeds were controlled by herbicides in the autumn. No other pesticides were applied during the plant growing season. Winter wheat varieties/lines were sown in 3.6 m 2 plots using randomized design with four replications in 2010-2011 and with three replications in 2011-2012 at a seed rate of 4.5 million ha -1 with a plot sowing machine "Hege 80" ("Wintersteiger", Austria). The seeds were pesticide-untreated. The evaluation of winter hardiness in natural conditions was conducted in April of 2011 and 2012 by visual scoring on a 1-9 score basis (Ruzgas, Liutkevičius, 2001) . Score 1 means that all plants were killed, while score 9 denotes that all plants survived.
Materials and methods
Laboratory freezing test. The seeds of winter wheat varieties/lines were germinated on the moist filter paper in the Petri dishes. After three days, germinated seeds were sown in plastic pots (225 cm 3 ) filled with universal peat substrate GP0428 ("Durpeta", Lithuania). Each genotype was planted in six replications. Plants were grown at 18°C in a greenhouse with a 16 h photoperiod until the seedlings reached a three-leaf stage. The first experiment included cold acclimation period at 4°C with an 8 h photoperiod for five weeks in a growth chamber. The second experiment was conducted without cold acclimation period. Freezing test was carried out as described by (Skinner, Mackey, 2009 ) with minor modifications. Just prior to the freezing, plants were counted and the pots were drenched with cold water. Freezing tests were carried out in a programmable freezing chamber PE 2412 UY-LX ("Angelantoni Industrie", Italy). Both acclimated and non-acclimated plants were immediately transferred to freezing chamber. Plants were kept at 4°C for one hour, whereupon the temperature in the freezer was reduced from 4°C to the −12°C over an 8 h period. The temperature was held at the target temperature for 2 h, then raised to 4°C over 8 h and subsequently maintained at 4°C for 24 h. After the freezing test, the plants were moved to the greenhouse. Freezing test survival was scored as the proportion of the plants that had re-grown after two weeks. The Fv/Fmthe yield of the energy trapped in PSII was determined in leaves with a hand-held pulse modulated fluorometer OS30p (Opti-Science Inc., USA) using the Fv/Fm kinetics option. Leaves were cut off after freezing tests and stored in black bags at 4°C for 24 h. The measurements were taken in 5 replications (leaves) in 5 different spots of leaves holding a leaf by dark-adaptation clips.
Meteorological conditions. The two field experiments performed at 2010-2011 and 2011-2012 autumn-winter seasons had very different climatic conditions (Fig. 1) . In 2010-201, the autumn-winter seasons' weather conditions were characterised by a wet second half of autumn and a cold, snowy winter with thaws. November was very wet (precipitation level higher by 26.5 mm compared to annual average). December was cold and wet (temperature was lower by 5.6°C, precipitation rate exceeded annual level by 22.4 mm). Snow depth on the field at the end of December amounted to on average 34 cm. January was warmer (temperature was higher by 2.4°C compared to annual average). Cold weather (temperature was lower by 5.1°C compared to annual average) settled in February. In 2011-2012, the autumnwinter seasons' weather conditions were characterised by dry autumn, unusually warm first half of winter and very cold by the end of winter. October and November were dry (precipitation level lower by 25.9 and 22.9 mm compared to annual average, respectively). In December and the first half of January (average temperature was 5ºC higher compared to the annual average). The weather was unusually cold during the first ten-day period of February Statistical analysis. Statistical analysis was performed using Statistica 7 software (StatSoft Inc., Tulsa, USA). Analysis of variance (ANOVA) was used to determine significant (p < 0.01 and p < 0.05) differences between wheat genotypes. The differences between means of wheat varieties/breeding lines were inspected using Fisher's protected significant differences post hoc analysis. Spearman correlation coefficients between mean values of the investigated traits were calculated.
Results and discussion
Wheat winter hardiness in the field. The 2010-2011 winter was favourable for winter hardiness evaluation of wheat genotypes due to the wet autumn, sharp temperature fluctuations with frost and thaw periods and shifting snow cover. Some winter wheat lines were completely killed. Winter hardiness scores ranged from 1.0 (WW-8) to 7.6 ('Zentos') ( Fig. 2) . Winter wheat variety 'Ada' also showed high score of winter hardiness (6.6), while most plants of 'Zunda DS' were killed. Analysis of variance indicated significant differences of winter hardness (p < 0.05) between doubled haploid and conventionally-bred wheat genotypes. The majority of doubled haploid wheat lines were completely killed during the 2010-2011 winter. The 2011-2012 winter was not favourable for evaluation of winter hardiness of wheat genotypes due to beneficial weather conditions during autumn 2011 for cold acclimation and sufficient snow cover during freezing period in February, 2012. (Fig. 2) . No significant differences of winter hardiness (p > 0.05) were found between doubled haploid and conventionally-bred wheat lines.
Wheat genotypes under investigation experienced very different freezing conditions in the field during the two winters (Fig. 1) . Consequently, no significant correlation for wheat winter hardiness was observed between years (Table) . Variation coefficients for winter hardiness was 13.3% and 3.5% in 2010-2011 and 2011-2012 , respectively, suggesting a powerful interaction between the genotypes investigated and weather conditions. Different ranking of genotypes each year in the field-laboratory experiments depends on the interaction between de-acclimation and growth conditions (Rapacz et al., 2008) . At the end of the first decade of February 2011 a strong thaw was followed by the cold period (minimal day temperatures dropped to −20ºC) with almost no snow cover. Vegetation of wheat was started during thaw period (wheat released a new roots). Wheat plants could lose their frost tolerance due to the full vernalization saturation and subsequent Vrn-1 activation and this could lead to the winterkill of some wheat genotypes. No periods of warming were observed during the winter of 2011-2012 and long lasting low above-zero temperatures during autumn and first half of the winter resulted in good acclimation of the plants. Although the minimal temperature of −27.6°C was recorded on 4 February, 2012, snow cover of 9 cm in depth had prevented damage of wheat genotypes under study. Bergjord et al. (2008) noted that quantifying and modelling relationship between temperature, snow cover and fluctuation in frost tolerance could be a suitable first step towards understanding and prediction of winter damage. These observations suggest that depth of snow cover during the second half of the winter is very important for winter survival when freezing tolerance reaches saturation and starts decreasing. Wheat freezing tolerance in the laboratory test. Analysis of variance indicated significant differences of Fv/Fm ratio and freezing test survival (p < 0.01) between wheat genotypes. Freezing test survival of non-acclimated plants varied from 20% (WW-31) to 100% (WW-68DH). Plants with high survival also had the highest Fv/Fm ratio. The most freezing susceptible wheat plants had an average Fv/Fm ratio value of 0.21 (WW-31), while the most freezing tolerant plants had an average Fv/ Fm ratio value of 0.77 (WW-67DH) and 0.76 (WW-68DH). Results of our study also show that the ratio of the maximum variable to maximum total fluorescence in dark-adapted state, Fv/Fm is an efficient method for frost tolerance evaluation in wheat in controlled conditions due to the high correlation between freezing test survival of non-acclimated wheat and Fv/Fm parameter (r = 0.88, p < 0.01). This relationship has also been demonstrated in oat (r = 0.87) (Rizza et al., 2001) , barley (r = 0.91) (Rapacz et al., 2008) in controlled conditions. Rapacz and Wozniczka (2009) studies show high negative correlation between electrolyte leakage results after freezing test in controlled conditions and Fv/Fm parameter (r = −0.87).
Freezing test of acclimated plants shows no significant differences (p > 0.01) for freezing tolerance between winter wheat genotypes. Freezing test survival varied from 50% ('Kovas DS') to 100% (WW-67DH). Average Fv/Fm values varied from 0.55 ('Kovas DS') to 0.75 ('Vikaras DS'). The correlation coefficient between the Fv/Fm parameter and freezing test survival of acclimated plants was 0.41, p < 0.05. Skinner and Mackey (2009) have shown that the minimum temperature (−12°C) significantly affects survival in all of the winter wheat progeny populations, while the other components such as the total time frozen, the pre-freezing period, the postfreezing warming rate significantly influenced survival in some, but not all of the populations, suggesting genotypic differences in the ability to tolerate variation in specific aspects of the freezing process. Our results show that the minimum temperature of freezing test described by Skinner and Mackey (2009) is inappropriate for freezing tolerance screening of cold-acclimated wheat due to no significant differences between genotypes detected. The much lower correlation between acclimated wheat and Fv/Fm in our study could be explained by the insufficient minimum temperature selected for freezing. We also used larger containers (2650 versus 254 cm 3 ); therefore minimum temperature of −12°C was too high for evaluation of freezing tolerance differences among wheat genotypes. The LT 50 value (temperature at which 50% of the plants are killed by cold stress) is selected Results of our study show low negative, but significant relationship (r = −0.41, p < 0.05) between 2010-2011 winter hardiness scores and freezing test survival of non-acclimated plants (Table) . Some of cultivars with the highest 2010-2011 winter hardiness, 'Ada' and WW-30, showed one of the lowest freezing test survival in freezing test with no acclimation. However, 'Zunda DS', WW-8DH and some of the other DH wheat lines with the lowest 2010-2011 winter hardiness had one of the highest freezing test survival after freezing with no acclimation (Fig. 2) . Fowler and Limin (2007) suggest the existence of two separate genetic systems of freezing tolerance which are determined by the expression of duration and rate genes. The duration of LT tolerance is determined by the rate of phenological development and the time to vegetative/reproductive transition . The Vrn-A1 locus is a master switch for pathway that determines the vegetative/reproductive transition and directly influences the duration of LT tolerance Laudencia-Chingcuanco et al., 2011) . Laudencia-Chingcuanco et al. (2011) have shown that after vegetative/reproductive transition plant continues to lose ability to cold acclimate so that at 70 days after cold treatment the winter-habit genotypes were almost as cold sensitive as the untreated springhabit genotypes. Bergjord et al. (2008) have noticed a gradual decline of cold tolerance of winter wheat after December. Winfield et al. (2009) have shown that in the winter wheat varieties, transcript levels for TaVrn1 were initially low but by 9 weeks of vernalisation had increased, and by 12 weeks, when plants were assessed to be fully vernalized, there had been an approximately 10 fold increase in abundance. Activation of Vrn-1 caused the decrease in frost tolerance that begins when plants are fully vernalized. Dhillon et al. (2010) have shown that Triticum monococcum lines with mutations in the Vrn-1 promoter, showed a significant down-regulation of Cor14b under long days.
Vrn-1 gene probably has no effect on the freezing tolerance of wheat in controlled conditions without the period of low temperature exposure. Thus it can be assumed that non-acclimated plants can be affected just by the genetic factors that determine the rate of acclimation. According to Fowler and Limin (2007) , the rate component determines the degree that the structural LT tolerance conferring genes are up regulated and Cbflike genes are prime candidates for the rate genes. In Arabidopsis Cbf genes are transcriptional factors that are rapidly up-regulated in response to LT treatment and are activators of Cor genes. Skinner et al. (2005) demonstrated that in the Triticeae -as in Arabidopsismembers of the Cbf gene family function as fundamental components of the winter hardiness region. Our studies in controlled conditions showed that some non-acclimated wheat genotypes such as 'Kovas DS', 'Zunda DS' and 'Zentos' have high freezing tolerance as well as one of the highest winter hardiness scores. These results can be explained by the fact that wheat grown in the greenhouse started acclimation already at 18°C. It was hypothesized that plants with a warm threshold temperature might better prepare for later freezing stress (Fowler, 2008) . It has been suggested that the warmer the induction temperature, the sooner LT tolerance starts to accumulate (Campoli et al., 2009) . Rye cultivars with acclimation induced at warmer temperatures were the most coldhardy (Campoli et al., 2009) . Rye variety 'Puma' began to acclimate at the temperature as high as 17°C and the Cor14b ortholog was expressed in 'Puma' at the temperature higher than 15°C. Previously, Knox et al. (2008) have shown that TmCbf12, TmCbf14 and TmCbf15 were up-regulated at 12-15°C in the frost-tolerant T. monococcum genotype. 'Kovas DS' and 'Zentos' showed good winter hardiness in the field, and these results suggest that wheat genotypes with the higher threshold of cold acclimation and the latest full vernalization saturation can better prepare for the winter.
Conclusions
1. No correlation between winter hardiness scores of 2010-2011 and 2011-2012 winters shows that the winter hardiness is determined by a complex of factors which vary at different climatic conditions. Depth of snow cover during the second half of winter plays an important role in winter survival.
2. High correlation between freezing test survival of non-acclimated wheat and Fv/Fm ratio (r = 0.88, p < 0 .01) shows that this method can speed up the selection for freezing tolerance by evaluating wheat genotypes immediately after the freezing test.
3. Low negative, but significant relationship (r = −0.41, p < 0.05) between 2010-2011 winter hardiness in the field and freezing test survival of non-acclimated plants supports hypothesis of two separate genetic systems controlling freezing tolerance in winter wheat which are determined by duration and rate of gene expression during cold acclimation. Wheat genotypes with faster deacclimation (limited duration tolerance) in the field show higher freezing tolerance without acclimation (high rate tolerance) in the freezing test.
